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5 FIELD OF THE INVENTION 

The present invention relates generally to asymmetric catalysis in the field of organic 
chemistry. More particularly, the invention relates to a type of chiral catalyst and its use in 
asymmetric oxidative coupling of 2-naphthols. 

The invention also relates to the preparation of the above-mentioned catalysts. 
10 The invention also relates to the use of the above-mentioned catalysts in preparation of 

binaphthol and its derivatives. 

DESCRIPTION OF THE RELATED ART 
The optically pure binaphthol with axial chirality has been one of the warmest research area 

15 for organic chemists not only because it has been used as building blocks for the construction of 
many important natural products, (Tetrahedron 1995, 51, 9353; Tetrahedron 2000, 56, 2325), but 
also because binaphthol and its derivatives have been extensively used as chiral auxiliaries and 
ligands in asymmetric synthesis, and shown extremely high stereo- control property in a wide 
range of asymmetric transformations. {Chem. Rev. 1992, 92, 1007; Chem. Rev. 1992, 92, 1021; 

20 Chem, Rev 1998, 98, 2405; Asymmetric Catalysis in Organic Synthesis; Wiley and Sons: The 
New York, 1994). The importance of such molecules has fuelled the development of efficient 
methodologies to prepare them. There are mainly three existed methods for the preparation of 
optically pure binaphthols: 

25 1 . Resolution of racemate binaphthol. 

Resolution is the most efficient and important method for the preparation of optically pure 
binaphthol at the present time. This method includes the firstly oxidative coupling of 2-naphthol 
to binaphthol catalyzed by a chiral catalyst and subsequently inclusion resolution or chemical 
resolution to obtain the optically pure form of binaphthol. But when the resolution method was 

30 used, an equal amount of resolution reagent was needed, and usually these resolution reagents 
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were expensive, further more, no more than 50% yield of the optically pure product can be 
obtained from resolution of racemate. These drawbacks limited the practical application of the 
resolution method. [Bioorg. Chem. 1978, 7, 7397; Org, Chem, 1998, 53, 3607; Tetrahedron 
LetL 1987, 28, 355; J, Org. Chem. 1981, 46, 4988; Tetrahedron Asymmetry 1995, 6, 2123; 
5 Tetrahedron LetL 1995, 35, 7991]. 

2. Nonoxidative coupling synthetic method. 

Optically pure binaphthol and its derivatives can also be obtained from coupling reaction 
catalyzed by metal complexes. Tamio Hayashi group reported the coupling of Grignard reagent 
with bromobenzene catalyzed by Ni complexes, giving binaphthol derivatives in up to 95% e.e. 

10 [J. Am. Chem. Soc. 1988, 110, 8153]. But the hgand used in this reaction was rather expensive, 
and the substrate scope was limited. Tomioka also synthesized similar compounds through 
nucleophilic substitution in 1992. [J. Am. Chem. Soc. 1992, 114, 8732] Other methods such as 
Suzuki reaction and Heck reaction were also used for the preparation of binaphthol derivatives 
with axial chirality [Chem. Commun, 2000, 1723; J. Am. Chem. Soc. 2000, 122, 12051]. All 

15 these methods were restricted by the same drawbacks: Umited substrate scope, the ligands were 
expensive and difficuU to prepare in large scale, and when scaled up, the catalytic reaction was 
difficult to maintain high enantioselectivity. 

3. Oxidative coupling reaction 

Oxidative coupling reaction provided the method of directly converting optically nonactive 
20 2-naphthols into optically pure binaphthol and its derivatives using O2 as oxidant in the presence 
of catalytic amount of chiral catalyst. This method received extensive recognition because only 
catalytic amount of catalyst was needed, other oxidant and substrates were easy to obtain, and 
the coupling products were optically pure binaphthol and its derivatives with very important 
fimction in organic synthesis. For this method the difficulty lies in the design and synthesis of 
25 chiral ligand. By far there are two relatively successful research works in this area were reported: 
Oxidative coupling of 2-naphthol derivatives catalyzed by chiral Ru(II)-Imine complexes gave 
corresponding binaphthols in 33-71% e.e. [Synlett, 2000, 333], usually the products from this 
method have low optical purity and can not be used directly; When chiral V(IV)- ShifFbase 
complexes were used as catalysts, up to 62% e.e of the product was obtained for oxidative 
30 coupling of 2-naphthol. [Chem. Commun. 2001, 3, 869; Org. Lett. 2001, 66, 481]. 



SUMMARY OF THE INVENTION 

One objective of this invention is to provide a type of chiral catalyst used for oxidative 
coupling of 2-naphthol, giving binaphthol with high optical purity. 

Another objective of this invention is to provide a preparation method for the chiral catalyst 
used in oxidative coupling of 2-naphthols. 

The other objective of this invention is to providethe use of this type of chiral catalyst in the 
preparation of optically pure binaphthol and its derivatives. 

The objectives of this invention were realized through following technical project: 

The characteristic of the chiral catalyst used in oxidative coupling of 2- naphthol is a 
complex of vanadium and Shifif base derived from the condensation of chiral amino acid with 
3,3'-diformyl-2,2'-dihydroxy-l,r- phenyl, structure of the catalyst was shown below: 




Wherein R is either benzyl, phenyl, isopropyl, isobutyl or tertbutyl; The configuration of the 
amino acid is /? or 5. 

In accordance with the present invention, the procedure for preparation of chiral catalysts 
was described as follows: Chiral amino acid and anhydrous sodium acetate (chemical abbr, is 
NaOAc) were dissolved in distilled water, after stirred at 40- 60 X: for 5-15 minutes, the 
resulting reaction mixture was treated with a solution of 3,3- diformyl-2,2*- dihydroxy-1,1'- 
phenyl in a mixed solvent of ethanol and THF (1:1 volume ratio). Heated to 70-90 "C and stirred 
for 1-3 hours. To the resulting Schiff base solution was added a 25% aqueous vanadyl sulfate 
solution. The reaction mixture was stirred for another 2 h at room temperature to give the chiral 
catalyst. The ratio of chiral amino acid: NaOAc: water: 3,3- diformyl-2,2'- dihydroxy-l,r - 
phenyl: VOSO4 was 1.2: 2.4: 100^-150: 0.5: 1.1( the molar ratio), mixed solvent: 3,3- 
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diformyl-2,2'- dihydroxy- 1,1 '-phenyl was 20-25:1 (calculated by weight).In accordance with the 
present invention, starting from 2-naphthol, binaphthol and its derivatives with high optical 
purity were synthesized through oxidative coupling catalyzed by 1-10 mol% (calculated by raw 
material) of chiral catalyst using oxygen as oxidant. 

This invention differs from those asymmetric reactions whose enantioselectivity was 
controlled by the single chiral center, the reaction was influenced by the corporation of chiral 
amino acid and the axial chirality induced from the condensation of the chiral amino acid and 
3,3- diformyl-2,2'- dihydroxy- 1,1'- phenyl, thus improved the enantiomeric excess of the product 
to 90-97%, which was the best result obtained so far. 

Procedure for the preparation of chiral catalyst used in the oxidative coupling in this 
invention was shown as follows: 




NaH 

MOMCl 

THF 




"OMOM 
OMOM 



1 BuLi-THF 

2DMF 

3 CHCI3-HCI 



.CHO 




CHO 
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amino acid 

NaOAc 

VOSO4 




l(a-d) 

Through oxidative coupling of naphthol and its derivatives catalyzed by the chiral catalyst, 
high optical purity of the product was obtained, the procedure was shown as follows: 



OH 



10mol%cat 



O2, CCI4 



2(a-k) 





^ ^ X 
















3(a-k) 



Wherein the raw material was 2a. 2b. 2c. 2d. 2e. 2f. 2g. 2h. 2i. 2j and 2k defined 
as follows: 2a, R^=r2=R^=H; 2b, R^=H, r2=H, R^=OMe; 2c, R'= Br, r2= H, R^=H; 2d,R'= 
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H,R2=OMe,R^=H; 2e, R>=H, R^^H, R3=OEt; 2f, R^=H, R2=OBn, r3=H; 2g, R'=H, r2=H, 
R'=OBn; 2h, R'=H, R^^H, R^=0"Bu; 2i, R^=H, R^^H, R^^OCHaCH^CH^; 2j, R^=H, R^=H, 
R =OC8H|7; 2k, R^=H, R^=H, R-'=OCi2H25; The corresponding product 3a. 3b. 3c. 3d. 3e. 
3f. 3g. 3h. 3i. 3j and 3k were also defined similarly as follows: 3a, R*=R^=R^ =H; 3b, R'= H, 

5 R'=H,R^=OMe; 3c, R^= Br, R^= H, R^=H; 3d, R'= H, r2= OMe,R^=H; 3e, R»=H, r2=H, 
R'=OEt; 3f, R*=H,R2=OBn,R^=H; 3g, R^=H, R^^H, R3=OBn; 3h, R^=H, R^^H, r3=0"Bu; 
3i, R'=H, r2=H, R^=0CH2CH=CH2 ; 3j, R^=H, R^^H, R^=OC8Hi7; 3k, R'=H, R^^H, 
R^==OCi2H25; The catalysts used was la. lb. Ic and Id defined as follows: la: R=Bn, lb: 
R-Pr, Ic: R='Bu, Id: R-Bu. Configuration of the material amino acid was S. 

0 The reaction was performed under 0 °C, optical purity was measured by chiral Kromasil 

CHI- TBB column or Chiralpak AD column. 

The results were shown in the following Table 1 : 



Table 1 . The Asymmetric oxidative coupling of 2- naphthol and its derivatives catalyzed by 
IcxmderO 'C. 



Entry 


Product 


Time(d) 


Yield (%) 


e.e. (%) 


1 


3a 


7 


84 


90 


2 


3b 


7 


95 


95 


3 


3c 


4 


98 


90 


4 


3d 


6 


trace 


ND 


5 


3e 


4 


99 


96 


6 


3f 


6 


trace 


ND 


7 


3g 


6 


80 


95 


8 


3h 


4 


99 


94 


9 


3i 


4 


99 


95 


10 


3j 


4 


99 


94 


11 


3k 


4 


94 


97 


12 


3a 


8 


85 


90 



15 Note: 1. The trace in the table indicates lower than 5% of the yield, ND indicate no isolable 
product was obtained. 
2. e.e. (%) indicate enantiomeric excess. 
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3. Because product 3d and 3f were not isolated, the corresponding products for entry 1, 2, 3, 5, 7, 
8, 9, 10, 11, 12 were prepared from the following example 9 to 18. 

DESCRIPTION OF THE PREFFERD EMBODIMENTS 
5 Through the description of the optimal examples, this invention was clarified in detail: 

EXAMPLE 1: 

Preparation of 2.2'-Bis-(methoxvmethoxv) bibenzene 

To a 250mL of three-necked bottle was added NaH (content 50%, 3.5g, 72mmol), 
anhydrous THF (60mL) and anhydrous DMF (20mL), after the temperatiire was lowered to O'C, 

10 a solution of biphenol (5.6g, SOmmol) in THF (15mL) was added, stirred at this temperature for 
10 minutes. Methoxymethyl chloride (6mL, 78mmol) was added dropwise, and the mixture was 
stirred for 8h at room temperature, quenched by adding lOOmL of water, extracted with ethyl 
acetate (lOOmLxS), the combined organic phase was washed with brine (60mLx2), dried over 
MgS04, after filtration, the solvent was removed to give a yellow oil. Purification through 

15 chromatography give 8g (97% yield) of the product as a Ught yellow oil. ^HNMR (300MHz, 
CDCI3) 5 (ppm) 3.39 (s, 6H), 5.12 (s, 4H), 7.13 (m, 2H), 7.30-7.37 (m, 6H). Physical data of the 
compound was consistent with that reported in literature. 

EXAMPLE 2 

20 Preparation of 2,2^-Bis-(methoxvmethoxyV3 J'-Diformylbibenzene 

2,2'-Bis-(methoxymethoxy)bibenzene (7.5g, 27.4mmol) was dissolved in 300mL of 
anhydrous Et20 in a 500mL of three-necked bottle, while stirring, SOnunol (50mL, 1.6M 
solution in hexane) of nBuLi was added dropwise under Ar atmosphere, the mixture was stirred 
at room temperature for 2h. After cooled to O'C, DMF (20mL, 260mmol) in THF (20mL) was 

25 added, and the solution was stirred at room temperature for another 4h. Saturated NH4CI (150 
mL) was added to quench the reaction. The organic layer was separated and the aqueous phase 
was extracted with ethyl acetate (100mLx3). The combined organic phase was washed with 
water (lOOmL) and brine (lOOmL) successively and dried over anhydrous MgS04. Concentration 
with a rotary evaporator and subsequent chromatography on silica gel eluted with petroleum 

30 ether/ethyl acetate (3:1) afforded the product 3.925g (47% yield) as a yellow oil. ^HNMR 
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(300MHz, CDCI3) 5(ppm) 3.15 (s, 6H), 4.81 (s, 4H), 7.37 (dd, J=0.9, 8.4Hz, 2H), 7.67 (dd, 
J=1.8, 7.5Hz, 2H), 7.93(dd, J=1.8, 7.8Hz, 2H), 10.44 (s, 2H). Physical data of the compound was 
consistent with that reported in Uterature. 



EXAMPLE 3 
Preparation of 3.3'-Diformvl-2,2*-- biphenol 

2,2'-Bis-(methoxymethoxy)-3,3'-Diformylbibenzene (3.0g, 9mmol), CHCI3 (60mL), 6M 
HCl (60mL) and ethanol (40mL) was mixed in a 250mL round-bottom flask, heated to reflux for 
14h. The organic layer was separated and the aqueous phase was extracted with CH2CI2 
(80mLx2). The combined organic phase was washed with 5% aqueous NaHCOs (50mL) and 
water (80mLx2) successively and dried over anhydrous Na2S04. After filtration and 
concentrated, the yellow solid was recrystaUized firom ethyl acetate and petroleum ether to give 
the product 1.92g (87% yield) as a yellow needle crystal. *HNMR (300MHz, CDCI3) 8 (ppm) 
7.13 (dd, 2H), 7.05-7.36 (m, 5H), 9.96 (s, 2H), 11.45 (s, 2H); Physical data of the compound was 
consistent with that reported in literature. 

EXAMPLE 4 

Preparation of chiral catalyst: 

L- phenylalanine (1.2 mmol), anhydrous NaOAc (2.4 mmol) and distilled water (1 mL) 
were placed in a two-neck round bottom flask (10 mL) charged with Ar. After stirred at 60 ""C for 
about 10 min, the resulting reaction mixture was treated with a solution of 3,3'-Diformyl-2,2'- 
biphenol (0.5 mmol) in EtOH (5 mL) and THF (5 mL). The reaction mixture was refluxed at 90 
°C for 1.5h, and then was gradually cooled down to room temperature. To the resulting SchiflF 
base solution was added a solution of vanadyl sulfate trihydrate (1.1 mmol) in water (1 mL). The 
reaction mixture was stirred for another 2 h and then concentrated. lOmL H2O was added and the 
mixture was extracted with CH2CI2 (3x20 mL), the combined organic layer was washed with 
water (3^20 mL) and then dried over anhydrous Na2S04. Removal of solvent gave vanadyl 
complex la as a dark solid. HRMS: 683.0434 (M+H), calculated for C32H25N2O9V2 : 683.0439. 
IR ( cm"* ): vc=N (1685), vc=o (1623), vv=o (986)o 



EXAMPLES 

Preparation of chiral catalyst: 

S-Valine (1.2 mmol), anhydrous NaOAc (2.4 mmol) and distilled water (1 mL) were placed 
in a two-neck round bottom flask (10 mL) charged with Ar. After stirred at 60 °C for about 10 
min, the resulting reaction mixture was treated with a solution of 3,3'-Diformyl-2,2'- biphenol 
(0.5 mmol) in EtOH (5 mL) and THF (5 mL). The reaction mixture was refluxed at 90 °C for 
1.5h, and then was gradually cooled down to room temperature. To the resulting Schiff base 
solution was added a solution of vanadyl sulfate trihydrate (1.1 mmol) in water (1 mL). The 
reaction mixture was stirred for another 2 h and then concentrated. lOmL H2O was added and the 
mixture was extracted with CH2CI2 (3^20 mL), the combined organic layer was washed with 
water (3^20 mL) and then dried over anhydrous Na2S04. Removal of solvent gave vanadyl 
complex lb as a dark solid. HRMS: 587.0418 (M+H), Calculated for C24H25N2O9V2: 587.0439. 
IR: vc=N (1687), vc^o (1620), w-o (989). 

EXAMPLE 6 

Preparation of chiral catalyst; 

L-isoleucine (1.2 mmol), anhydrous NaOAc (2.4 mmol) and distilled water (1 mL) were 
placed in a two-neck round bottom flask (10 mL) charged with Ar. After stirred at 60 °C for 
about 10 min, the resulting reaction mixture was treated with a solution of 3,3'-Diformyl-2,2'- 
biphenol (0.5 mmol) in EtOH (5 mL) and THF (5 mL). The reaction mixture was refluxed at 90 
°C for 1.5h, and then was gradually cooled down to room temperature. To the resulting Schiff" 
base solution was added a solution of vanadyl sulfate trihydrate (1.1 mmol) in water (1 mL). The 
reaction mixture was stirred for another 2 h and then concentrated. lOmL H2O was added and the 
mixture was extracted with CH2CI2 (3x20 mL), the combined organic layer was washed with 
water (3x20 mL) and then dried over anhydrous Na2S04. Removal of solvent gave vanadyl 
complex Ic as a dark solid. HRMS: 615.0728 (M+H), Calculated for C26H29N2O9 V2: 615.075. 
IR: vc=N (1696), Vc=o (1618), Vv=o (992). 

EXAMPLE 7 

Preparation of chiral catalyst; 

L-tert-Leucine (1.2 mmol), anhydrous NaOAc (2.4 mmol) and distilled water (1 mL) were 
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placed in a two-neck round bottom flask (10 mL) charged with Ar. After stirred at 60 °C for 
about 10 min, the resulting reaction mixture was treated with a solution of 3,3'-Diformyl-2,2'- 
biphenol (0.5 mmol) in EtOH (5 mL) and THF (5 mL). The reaction mixture was refluxed at 90 
°C for 1.5h, and then was gradually cooled down to room temperature. To the resulting Schiff 
5 base solution was added a solution of vanadyl sulfate trihydrate (1 . 1 mmol) in water (1 mL). The 
reaction mixture was stirred for another 2 h and then concentrated. lOmL H2O was added and the 
mixture was extracted with CH2CI2 (3x20 mL), the combined organic layer was washed with 
water (3x20 mL) and then dried over anhydrous Na2S04. Removal of solvent gave vanadyl 
complex Id as a dark solid. HRMS: 615.0635 (M+H), calculated for C26H29N2O9V2: 615.0752. 
10 IR: vc=N (1683), vc=o (1615), w-o (994). 

EXAMPLE 8 

Preparation of chiral catalyst: 

R- phenylalanine (1.2 mmol), anhydrous NaOAc (2.4 mmol) and distilled water (1 mL) 

15 were placed in a two-neck round bottom flask (10 mL) charged with Ar. After stirred at 60 °C for 
about 10 min, the resuhing reaction mixture was treated with a solution of 3,3'-Diformyl-2,2'- 
biphenol (0.5 mmol) in EtOH (5 mL) and THF (5 mL). The reaction mixture was refluxed at 90 
°C for 1.5h, and then was gradually cooled down to room temperature. To the resulting Schifif 
base solution was added a solution of vanadyl sulfate trihydrate (1.1 mmol) in water (1 mL). The 

20 reaction mixture was stirred for another 2 h and then concentrated. lOmL H2O was added and the 
mixture was extracted with CH2CI2 (3x20 mL), the combined organic layer was washed with 
water (3x20 mL) and then dried over anhydrous Na2S04. Removal of solvent gave the chiral 
catalyst. 

25 EXAMPLE 9 

Oxidative coupling of 2-naphthol and its derivatives catalyzed by Ic; 
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3a, R^=r2=r3= h 

3b, R^=H, r2= H,R^=OMe 

3c, R^= Br, R^= H,R^=H 

3e, R^=H, r2=H, R^=OEt 

3g, R^=H, r2=H, R^=OBn 

3h, R^=H, r2=H, R^=0"Bu 

3i, R^=H, r2=H, R^=0CH2CH=CH2 

3J, R^=H, r2=H, R^=OC8Hi7 

3k, R^=H, R^=H, R^=0C^2^25 



A two-neck round bottom flask (5 mL) was charged with a solution of catalyst Ic (12.2 mg, 
0.02 mmol) in anhydrous CCU (1 mL). The solution was stirred for 10 min under an oxygen 
atmosphere and then treated with a solution of 2-naphthol (29 mg, 0.2 mmol) in anhydrous CCU 
5 (1 mL). The reaction mixture was stirred at 0 °C until the reaction was complete (monitored by 
TLC). The crude mixture was concentrated under reduced pressure, and purified by column 
chromatography (Ethyl acetate/Petroleum ether=l/3) to give (i?)-BINOL 3a, Yield 84%. ^HNMR 
(300MHz, CDCI3) 5 (ppm) 7.98 (d, 7=9.0 Hz, 2H, 2xHC (4)), 7.90 (d, 7=7.8 Hz, 2H, 2xHC (5)), 
7.38 (d, 7=9.0 Hz, 2H, 2xHC (8)), 7.41-7.27 (m, 4H, 2xHC (6), 2xHC (7)), 7.16 (d, y=8.4Hz, 2H, 
10 2xHC (3)), 5.09 (s, 2H, 2xOH). e.e. 90% and the configuration was R (Kromasil CHI-TBB 
column, Hexane/ propan-2-ol= 90: 10; flow rate 1 mL/ min; ^-isomer, 7.78 min and ^-isomer, 
tR 8.79 min)o 



15 Oxidative coupling of 2-naphthol and its derivatives catalyzed by Ic: 

A reaction flask described in example 9 was charged with a solution of catalyst Ic (12.2 mg, 
0.02 mmol) in anhydrous CCI4 (1 mL). The solution was stirred for 10 min under an oxygen 
atmosphere and then treated with a solution of 7-methoxy-2-naphthol (35 mg, 0.2 mmol) in 
anhydrous CCI4 (1 mL) under 0 "C. The reaction mixture was stirred at 0 "C until the reaction 
20 was complete (monitored by TLC). The crude mixture was concentrated under reduced pressure. 



and purified by column chromatography (Ethyl acetate/Petroleum ether=l/3) to give (/?)-BINOL 
3b, Yield 95%. [a]D^^= -104.7 (c= 0.35 in EtOAc), ^HNMR (300MHz, CDCI3) 5 (ppm) 7.88 (d, 
y=9.0 Hz, 2H, 2XHC (5)), 7.79(d, /=9.0 Hz, 2H, 2xHC (4)), 7.22 (d, J=SJ Hz, 2H, 2xHC (3)), 
7.03 (dd, y=9.0 Hz, 2.4 Hz, 2H, 2xHC (6)), 6.49 (d, 7=2.4 Hz, 2H, 2xHC (8)), 5.08 (s, 2H, 
25 2xOH), 3.59 (s, 6H, 2XOCH3). e.e. 95% , and the configuration was R (Kromasil CHI-TBB 



EXAMPLE 10 
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column, Hexane/ propan-2-ol= 80: 20; flow rate 1 mU min; ^-isomer, tR 4.95 min and /?-isomer, 
tH 5.32 min). 

EXAMPLE 11 

5 Oxidative coupling of 2-naphthol and its derivatives catalyzed bv Ic: 

A reaction flask described in example 9 was charged with a solution of catalyst Ic (12.2 mg, 
0.02 mmol) in anhydrous CCU (1 mL). The solution was stirred for 10 min under an oxygen 
atmosphere and then treated with a solution of 6-bromo-2-naphthol (44 mg, 0.2 mmol) in 
anhydrous CCU (1 mL) under 0 °C. The reaction mixture was stirred at 0 °C until the reaction 

10 was complete (monitored by TLC). The crude mixture was concentrated under reduced pressure, 
and purified by column chromatography (Ethyl acetate/Petroleum ether=l/3) to give (iZ)-BINOL 
3c, Yield 99%. [a]D^^= -33.7 (c= 0.4 in EtOAc), NMR (300MHz, CDCI3) 6 (ppm) 8.06 (d, 
y=1.8 Hz, 2H, 2XHC (4)), 7.89(d, y=9.0 Hz, 2H, 2xHC (5)), 7.37 (d, 7=6.9 Hz, 2H, 2xHC (8)), 
7.36 (dd, y= 9.0 Hz, 1.8Hz, 2H, 2xHC (7)), 6.96 (d, 7=9.0 Hz, 2H, 2xHC (3)), 5.08 (s, 2H, 

15 2xOH). e.e. 90%, and the configuration was R (Kromasil CHI-TBB column, Hexane/ 
propan-2-ol= 80: 20; flow rate 1 mL/ min; i'-isomer, tR 6.68 min and /?-isomer, tR 7.51 min), 

EXAMPLE 12 

Oxidative coupling of 2-naphthol and its derivatives catalvzed bv Ic; 

20 A reaction flask described in example 9 was charged with a solution of catalyst Ic (12.2 mg, 

0.02 mmol) in anhydrous CCI4 (1 mL). The solution was stirred for 10 min under an oxygen 
atmosphere and then treated with a solution of 7-ethoxy-2-naphthol (38 mg, 0.2 mmol) in 
anhydrous CCI4 (1 mL) under 0 °C. The reaction mixture was stirred at 0 °C until the reaction 
was complete (monitored by TLC). The crude mixture was concentrated under reduced pressure, 

25 and purified by column chromatography (Ethyl acetate/Petroleum ether=l/3) to give (/?)-BINOL 
3e, Yield 99%. [a]D^^= -154.0 (c= 0.4 in EtOAc), ^HNMR (300MHz, CDCI3) 6 (ppm) 7.87 (d, 
J=9.0 Hz, 2H, 2 X HC (5)), 7.78(d, 7=9.0 Hz, 2H, 2 x HC (4)), 7.21 (d, 7=9.0 Hz, 2H, 2 x HC 
(3)), 7.03 (dd, y=9.0 Hz, 2.4Hz, 2H, 2 x HC (6)), 6.49 (d, J=2.1 Hz, 2H, 2 x HC (8)), 5.06 (s, 2H, 
2 X OH), 3.78 (m, 4H, 4 x OCH2), 1.28 (t, 6H, 6 x CH3). e.e. 96%. 

30 
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EXAMPLE 13 

Oxidative coupling of 2-naphthol and its derivatives catalyzed by Ic: 

A reaction flask described in example 9 was charged with a solution of catalyst Ic (12.2 mg, 
0.02 mmol) in anhydrous CCI4 (1 mL). The solution was stirred for 10 min under an oxygen 
5 atmosphere and then treated with a solution of 7-benzyloxy-2-naphthol (50 mg, 0.2 mmol) in 
anhydrous CCI4 (1 mL) under 0 °C. The reaction mixture was stirred at 0 °C until the reaction 
was complete (monitored by TLC). The crude mixture was concentrated under reduced pressure, 
and purified by colunm chromatography (Ethyl acetate/Petroleum ether=l/3) to give (i2)-BINOL 
3g, Yield 80%. [a]D^^= -157.4 (c^ 0.3 in EtOAc), 'HNMR (300MHz, CDCI3) 8 (ppm) 7.89 (d, 
10 J=9,0 Hz, 2H, 2 X HC (5)), 7.80(d, 7=8.7 Hz, 2H, 2 x HC (4)), 7.24 (d, J=9.0 Hz, 2H, 2 x RC 
(3)), 7.10-7.22 (m, 12H, 2 x HC (6), 10 x PhH), 6.50 (d, 7=2.1 Hz, 2H, 2 x HC (8)), 5.01 (s, 2H, 
2 X OH), 4.73.4.84 (m, 4H, 4 x OCH2). e.e. 95%. 

EXAMPLE 14 

15 Oxidative coupling of 2-naphthol and its derivatives catalyzed by Ic; 

A reaction flask described in example 9 was charged with a solution of catalyst Ic (12.2 mg, 
0.02 mmol) in anhydrous CCI4 (1 mL). The solution was stirred for 10 min under an oxygen 
atmosphere and then treated with a solution of 7-n-butyl6xy-2-naphthol (43 mg, 0.2 mmol) in 
anhydrous CCI4 (1 mL) under 0 °C. The reaction mixture was stirred at 0 °C until the reaction 

20 was complete (monitored by TLC). The crude mixture was concentrated under reduced pressure, 
and purified by column chromatography (Ethyl acetate/Petroleum ether=l/3) to give (/?)-BINOL 
3h, Yield 99%. [a]D^^= -168.4 (c= 0.4 in EtOAc), ^HNMR (300MHz, CDCI3) 8 (ppm) 7.87 (d, 
J=9.0 Hz, 2H, 2 X HC (5)), 7.78(d, 7=9.0 Hz, 2H, 2 x HC (4)), 7.21 (d, 7=9.0 Hz, 2H, 2 x HC 
(3)), 7.03 (dd, 7=9.0 Hz, 3.0Hz, 2H, 2 x HC (6)), 6.49 (s, 2H, 2 x HC (8)), 5.08 (s, 2H, 2 x OH), 

25 3.68 (m, 4H, 4 x OCH2), 1.58-1.67 (m, 4H, 4 x OCH2CH2), 1.28-1.40 (m, 4H, 4 x CH3CH2), 
0.85-0.89 (t, 6H, 6 x CH3). e.e. 94%. 

EXAMPLE 15 

Oxidative coupling of 2-naphthol and its derivatives catalvzed by Ic: 

30 A reaction flask described in example 9 was charged with a solution of catalyst Ic (12.2 mg, 
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0.02 mmol) in anhydrous CCU (1 mL). The solution was stirred for 10 min under an oxygen 
atmosphere and then treated with a solution of 7-allyloxy-2-naphthol (40 mg, 0.2 mmol) in 
anhydrous CCI4 (1 mL) under 0 °C. The reaction mixture was stirred at 0 °C until the reaction 
was complete (monitored by TLC). The crude mixture was concentrated under reduced pressure, 
and purified by column chromatography (Ethyl acetate/Petroleum ether=l/3) to give (i?)-BINOL 
3i, Yield 99%. [[a]D^^= -186.5 (c= 0.4 in EtOAc), 'HNMR (300MHz, CDCI3) 5 (ppm) 7.87 (d, 
7=9.0 Hz, 2H, 2 X HC (5)), 7.78(d, 7=9.0 Hz, 2H, 2 x HC (4)), 7.21 (d, J=9.0 Hz, 2H, 2 x HC 
(3)), 7.03 (dd, J=9.0 Hz, 3.0Hz, 2H, 2 x HC (6)), 6.49 (s, 2H, 2 x HC (8)), 5.08 (s, 2H, 2 x OH), 
3.66-3.78 (m, 4H, 4 x OCH2), 1.58-1.67 (m, 4H, 4 x OCH2CH2), 1.20-1.40 (m, 4H, 4 x CH2CH3), 
0.87-0.89 (t, 6H, 6 x CH3). e.e. 95%. 



EXAMPLE 16 

Oxidative coupling of 2-naphthol and its derivatives catalyzed bv 1c: 

A reaction flask described in example 9 was charged with a solution of catalyst Ic (12.2 mg, 
0.02 mmol) in anhydrous CCI4 (1 mL). The solution was stirred for 10 min under an oxygen 
atmosphere and then treated with a solution of 7-octyloxy-2-naphthol (54 mg, 0.2 mmol) in 
anhydrous CCI4 (1 mL) under 0 °C. The reaction mixture was stirred at 0 °C until the reaction 
was complete (monitored by TLC). The crude mixture was concentrated under reduced pressure, 
and purified by colxmin chromatography (Ethyl acetate/Petroleum ether=l/3) to give (i?)-BINOL 
3j, Yield 99%. [a]D^^= -153.8 (c= 0.5 in EtOAc), 'HNMR (300MHz, CDCI3) 5 (ppm) 7.87 (d, 
J=9.0 Hz, 2H, 2 X HC (5)), 7.78(d, 7=9.0 Hz, 2H, 2 x HC (4)), 7.21 (d, 7=9.0 Hz, 2H, 2 x HC 
(3)), 7.03 (dd, 7=9.0 Hz, 2.4Hz, 2H, 2 x HC (6)), 6.49 (d, J=2.1Hz, 2H, 2 x HC (8)), 5.07 (s, 2H, 
2 X OH), 3.67-3.77 (m, 4H, 4 x OCH2), 1.59-1.66 (m, 4H, 4 x OCH2CH2), 1.25-1.29 (m, 20H, 20 
X CH2), 0.86-0.90 (t, 6H, 6 x CH3). e.e. 94%. 

EXAMPLE 17 

Oxidative coupling of 2-naphthol and its derivatives catalyzed bv Ic; 

A reaction flask described in example 9 was charged with a solution of catalyst Ic (12.2 mg, 
0.02 mmol) in anhydrous CCI4 (1 mL). The solution was stirred for 10 min under an oxygen 
atmosphere and then treated with a solution of 7-dodecyloxy-2-naphthol (66 mg, 0.2 mmol) in 
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anhydrous CCI4 (1 mL) under 0 ""C. The reaction mixture was stirred at 0 °C until the reaction 
was complete (monitored by TLC). The crude mixture was concentrated under reduced pressure, 
and purified by column chromatography (Ethyl acetate/Petroleum ether=l/3) to give (/?)-BINOL 
3k, Yield 94%. [a]D^^= -86.3 (c= 0.2 in EtOAc), ^HNMR (300MHz; CDCI3) 5 (ppm) 7.86 (d, 
7=9.0 Hz, 2H, 2 X HC (5)), 7.78(d, 7=9.0 Hz, 2H, 2 x HC (4)), 7.21 (d, 7=9.0 Hz, 2H, 2 x HC 
(3)), 7.03 (dd, 7=9.0 Hz, 2.1Hz, 2H, 2 x HC (6)), 6.49 (d, J=2.1Hz, 2H, 2 x HC (8)), 5.08 (s, 2H, 
2 X OH), 3.65-3.79 (m, 4H, 4 x OCH2), 1.59-1.67 (m, 4H, 4 x OCH2CH2), 1.25-1.27 (m, 36H, 36 
X CH2), 0.88-0.92 (t, 6H, 6 x CH3). e.e. 97%. 

EXAMPLE 18 

A two-neck round bottom flask (50 mL) was charged with a solution of catalyst Ic (122 mg, 
0. 2 mmol) in anhydrous CCI4 (10 mL). The solution was stirred for 10 min under an oxygen 
atmosphere and then treated with a solution of 2-naphthol (290 mg, 2 mmol) in anhydrous CCI4 
(10 mL). The reaction mixture was stirred at 0 ""C until the reaction was complete (monitored by 
TLC). The crude mixture was concentrated under reduced pressure, and purified by column 
chromatography (Ethyl acetate/Petroleum ether=l/3) to give (/?)-BINOL 3a, Yield 85%. ^HNMR 
(300MHz, CDCI3) 5 (ppm) 7.98 (d, 7=9.0 Hz, 2H, 2xHC (4)), 7.90 (d, 7=7.8 Hz, 2H, 2xHC (5)), 
7.38 (d, y=9.0 Hz, 2H, 2xHC (8)), 7.41-7.27 (m, 4H, 2xHC (6), 2xHC (7)), 7.16 (d, y=8.4Hz, 2H, 
2xHC (3)), 5.09 (s, 2H, 2xOH). e.e. 90% and the configuration was R (Kromasil CHI-TBB 
column, Hexane/ propan-2-ol= 90: 10; flow rate 1 mL/ min; 5-isomer, 7.78 min and i?-isomer, 
tR 8.79 min)o 

It should be noted that fi-om the technique common sense, the invention can be implemented 
from other examples with similar characteristic to those mentioned above. Therefore, 
above-mentioned public implement project, in regard to every aspect, all just illustrate with 
example, is not only. All within the scope of the invention or within the scope of changes equal 
to the invention was all included by the invention. 
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